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I. INTRODUCTION
The past decade has witnessed a remarkable progress in developing laser wakefield accelerators (LWFAs) 1 , which have already produced quasi-monoenergetic, low-emittance, GeV-class femtosecond e beams by optimizing the injection method [2] [3] [4] [5] [6] [7] [8] [9] [10] and laser guiding techniques [11] [12] [13] . Compared with conventional radio-frequency linear accelerators, its ultrahigh accelerating gradient (~ GV m) 1 makes LWFA a very attractive compact accelerator 10, 13 , holding great potential applications in the fields of high energy colliders; THz 14, 15 , x-ray [16] [17] [18] [19] , and free-electron lasers (FEL) 20 ; -ray radiation 19, 21, 22 ; etc. In the 2 blowout 23 or "bubble" 24 regimes of the wakefield, electrons from the tail can be trapped into the bubble and accelerated to high energy longitudinally, while simultaneously oscillating transversely to emit x-rays due to the focusing forces of the bubble, known as betatron radiation 19 . Previous experiments and theories 16, 17, 19 have demonstrated that the spectral characteristics of betatron radiation are similar to those of synchrotron radiation 25 and typically determined by the betatron strength parameter, , where is the electron oscillation amplitude and can be referred as the e-beam transverse size, and the relativistic factor of the electron, while and are the betatron oscillation frequency and plasma frequency, respectively. Because the betatron radiation spectra are strongly related to the ebeam transverse oscillation in the wakefield, and dominated by the high-energy part of the trajectory, the e-beam transverse size can be obtained by investigating the betatron radiation spectra without destructing the e beam 19 .
To realize the practical applications of LWFAs 19, 20, 26 , low-emittance e beams 27, 28 are required specially to minimize the degradation over long-distance propagation. The transverse emittance, a nontrivial experimental parameter of high-energy e beams, needs to be measured. A few methods have been proposed to measure the transverse emittance, such as the multi-screen image approach 29 , quadrupole scan 30 , "pepper-pot" technique 31, 32 , etc. However, the first two methods are based on multi-shots and need highly stable and low-charge e beams. Hence, they are not suitable for the LWFA e beams. The "pepper-pot" technique is a destructive detection method and prevents the diagnosis of the e-beam energy spectra.
Besides, this method has a limited resolution of ~1 mm mrad. In addition to the above methods, the betatron radiation spectra measurement is an alternative method to measure the transverse normalized emittance, as demonstrated in previous experiments 16, 33, 34 . By measuring the betatron radiation spectra, the e-beam transverse size can be obtained. When combined with the e-beam peak energy and divergence angle measured in a single shot, the transverse emittance can be estimated.
In this paper, we present a single-shot high-resolution measurement of the betatron x-ray radiation spectra to estimate the transverse emittance of LWFA e beams. The emitted x-ray photons in the range 1-16 keV were detected with an x-ray charge-coupled device (CCD) camera in the far field based on the single-photon-counting (SPC) technique [35] [36] [37] . Besides, the x-ray total photon number and spatial distribution could be measured with an x-ray detection system (XRDS) 22 . Comparing the obtained betatron spectra with the analytical model of synchrotron radiation, the e-beam transverse size in the plasma can then be obtained and the corresponding normalized transverse emittance can be estimated. To the best of our knowledge, the measured emittance of LWFA e beams is much smaller than previous experimental 3 results 34 .
II. EXPERIMENTAL SETUP
The experiments were performed at the Ti:sapphire chirped pulse amplification laser system with a repetition rate of 1 Hz at SIOM 10, 22 . The experimental setup is shown in Fig. 1(a) , where an 800-nm laser system delivers up to 200 TW with a full width at half maximum (FWHM) pulse duration of 33 fs. The laser pulses are focused on a two-stage gas nozzle by a f/30 off-axis parabolic mirror with a focal spot size of 32 m (FWHM) and on-target peak power of 120 TW with ~61% energy concentration. This corresponds to a peak intensity of W cm and gives a normalized vector potential of . The gas target contains a two-segment (0.8 mm+3 mm) helium gas jets, and the right wall of the first gas jet (0.8 mm) is inserted into the downstream of the second one (3 mm diameter), as shown in Fig. 1(a) .
The laser is focused at the entrance of the first gas jet. By setting the backing pressures of the two gas jets to 5-6 and 3-4 bar, respectively, and maintaining the right wall of the first gas get next to the entrance of the second one, a structured gas profile with a density bump is formed to realize a high-quality cascaded LWFA 10 . A probe beam was split from the driving laser pulse and passed transversely through the gas target to diagnose the plasma density, and the results are shown in Fig. 1(b) . The plasma densities in the two jets are cm and cm , respectively, and the density bump is located ~0.15 mm away from the exit of the first gas jet, with a gas flow overlap region of ~400 m and a highest density of cm . The generated e beams were dispersed by a 90-cm long tunable dipole electromagnet with a maximum magnetic field of 1.1 T, and detected by a Lanex phosphor screen imaged on an intensified CCD camera, which was cross-calibrated by using a calibrated imaging plate to measure the e-beam charge 10, 38 . Fig. 1 (c) shows a typical electron energy spectrum with a peak energy of 360 MeV.
The on-axis x-ray betatron radiation emitted by the e beams from the LWFA was detected by a 16-bit back-illuminated x-ray CCD (PIXIS-XO:400B) with 1340×400 pixels of 20-m size. As shown in Fig. 1(a), the x-ray CCD camera, encased in lead shielding, was operated in a SPC mode to measure the x-ray spectra between ~30 eV to 16 keV with a high energy resolution of ~ 26 eV. The spectrum of the detected photons can be reconstructed by calculating the intensity histogram of the CCD signal. For the SPC mode, it is of primary importance that the detected photon flux should be low enough. To satisfy the SPC condition 35, 37 , the x-ray CCD was positioned downstream far away (~5.3 m) from the gas jets exit, which leads to an average of less than 0.2 photons per pixel. Besides, an 8-m-thick Al foil was inserted in front of the x-ray CCD camera to block the residual laser pulse and low-energy photons below 2 keV. This low 4 photon flux guaranteed the SPC mode and led to a high signal-to-noise ratio. We also inserted a 10-cmlong and 3-mm-diameter wolfram collimator ~0.2 m away from the gas jets exit along the propagation axis to minimize the broad-divergence bremsstrahlung x-ray background radiation onto the x-ray CCD camera. The acceptance angle was ~10 mrad, which could effectively block the bremsstrahlung radiation caused by the electrons with low energy and large divergence angle, but was large enough to avoid influencing the measurement of the high energy e-beam betatron x-ray radiation.
To measure the x-ray photon number and spatial radiation profile exactly, we designed an XRDS, containing a Lu2SiO4 (LSO)-crystal scintillator and a 16-bit CCD camera. The XRDS was placed ~4.7 m downstream from the LWFA. The residual laser pulse and the low-energy radiation (<2 keV) were blocked by a 300-m-thick beryllium window, as shown in Fig. 1(a) . The transmitted x-rays struck the LSO-crystal scintillator to produce a fluorescence signal and was then detected by the CCD camera (c) Typical e-beam spectrum measured by the electromagnet.
III. EXPERIMENTAL RESULTS AND DISCUSSION
In our experiments, by adjusting the backing pressure of the gas jets and the distance of the two gas nozzles, quasi-monoenergetic e beams with the peak energies in the range of 300~400 MeV were produced.
The typical energy spectra and divergence angle of five shots under similar conditions are shown in Figs. 2(a)-2(c). The peak energy, rms energy spread, rms divergence angle, and electron charges are listed in 5 the table of Fig. 2(a) . To measure the betatron radiation, a single-shot x-ray radiation pattern corresponding to the e-beam energy spectra of shot #1 in Fig. 2(a) was detected by using the x-ray CCD camera, as shown in Fig. 3(a) , 6 and the reconstructed x-ray spectral profile is presented in Fig. 3(c) by the red curve. Besides, the betatron x-ray spectra can be characterized by a synchrotron-like on-axis spectrum is the plasma density and the e-beam energy of shot #1 in Fig. 2(a) is 357 MeV ( ~700). Since the betatron spectral shape is closely associated with the critical energy and e-beam transverse size, the measured betatron spectra are fitted under different critical energies by the synchrotron-like on-axis radiation form. Good agreement between the experimental spectra and the theoretical spectra, convolved with CCD camera and filter response, is obtained for the critical energy keV , as shown in Fig. 3(c) with the blue curve. The light blue shadow defines the uncertainty. Since both the electron parameters and the x-ray betatron radiation were measured simultaneously in a single laser shot, they can be used to be verified mutually. According to the critical energy indicated in Fig. 3(c) , the e-beam transverse size of shot #1 in Fig. 2 (a) can be estimated to be m.
Because that the experimental spectra are integrated over the opening angle of the x-ray CCD camera, while the theoretical model only involves the on-axis portion. Therefore, to investigate the effect of the radiated angular distribution on the fitting result, we also simulated the integration spectra 19, 40, 41 numerically over the emission angle of the synchrotron radiation produced by a single electron trajectory with an oscillation amplitude of 0.37 m. The simulated angle-integrated spectra convolved with the CCD camera and filter response is shown as the green curve in Fig. 3(c) , which is in good agreement with the on-axis spectra and the experimental spectra.
By using the e-beam transverse size of shot #1 in Fig. 2(a) , the betatron strength parameter was calculated to be , and the theoretical divergence angle of the betatron radiation can be estimated to be 4.65 mrad. Furthermore, the electron oscillation period number was estimated as , where is the wiggler length and the betatron wavelength. The total photon number could thus be predicted 42 to be , where is the e-beam charge of shot #1. To further verify the reasonableness of the transverse e-beam size, we also detected the betatron radiation pattern and total radiated photon number by the XRDS, as shown in Figs. 3(b), (d), and (e), which correspond to the e-beam spectra of shot #3 in Fig. 2(a) . The total photon number of the betatron radiation can be estimated to be (1.2±0.2) ×10 7 . Fig. 3 (d) and 3(e) are the corresponding betatron radiation divergence angles in the horizontal (z axis) and vertical (y axis) directions, respectively.
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It can be found that the radiation divergence angles were 4.0 mrad and 2.5 mrad, respectively. Although only one of the two x-ray diagnostic systems could be installed in one shot, the betatron radiation of shot #1 and shot #3 could be assumed to be the same due to their identical acceleration energy. The measured total photon number and radiation divergence angle by XRDS are both almost consistent with the theoretical estimation based on the 0.35-m e-beam transverse size. Therefore, we can infer that the ebeam transverse size of m , achieved through the fitting to the betatron radiation spectrum, is reasonable.
By measuring the e-beam spectrum and the corresponding betatron x-ray radiation spectrum in a single laser shot, we have obtained the e-beam peak energy (357 MeV), divergence angle (0.23 mrad), and ebeam size (0.35 m). Therefore, the normalized transverse emittance can be estimated using to be 56±5 m mrad for shot #1 in Fig. 2(a) , which is the smallest value measured by experiments so far. Gaussian fitting of the betatron radiation profile of (b) in the z and y directions, respectively. To better understand the experimental result, a two-dimensional particle-in-cell (2D PIC) simulation was performed with the code VORPAL 43 . A linearly polarized Gaussian laser pulse with wavelength m , normalized amplitude , spot size m (FWHM), and pulse duration fs (FWHM) was used in simulations. A moving window with a size of 75×130 m 2 was chosen and grid cell size was in the propagation direction and in the transverse direction. By choosing the plasma density close to the experimental condition, as shown in Fig. 4(a) , a high-quality e beam can be produced. Fig. 4(b)-(f) show snapshots of the simulated density distribution and wakefield structure at all these are in good agreement with experimental results. In the simulations, the self-injected e beam experiences a quasi-stable acceleration and a negative energy chirp 10, 44 in the density bump upward and downward region, respectively, which leads to an e-beam energy spread compression during reacceleration in the first bucket. Therefore, a very low energy spread can be obtained. Moreover, from Fig.   4 (b) it can be found that the e beam is self-injected into the second bucket longitudinally, which leads to small transverse momentum and transverse position. This longitudinal self-injection mechanism will lead to a low transverse emittance in the acceleration process 8, 28 . After being seeded into the base of the first bucket, the e beam experiences the highest accelerating field and maintains a small transverse momentum for re-acceleration, as shown in Fig. 4(c-f) . Thus, owing to the initial small transverse momentum in the second bucket and a proper seeding phase and energy spread compression in the first bucket, an ultralow normalized transverse emittance can be obtained. Therefore, by adjusting the backing pressures and the relative distance between the two nozzles, a high-quality e beam with a low energy spread and an ultralow normalized transverse emittance can be produced and controlled 45 .
IV. TWO-DIMENSIONAL PIC SIMULATIONS
Furthermore, to investigate the betatron oscillation and x-ray radiation, we traced the trajectories of the sampled accelerating electrons in the plasma as shown in Fig. 4(h) , and the corresponding betatron radiation spatial distribution is plotted in Fig. 4(i) . The trajectory traced in Fig. 4(h) is typical for the accelerated electrons and the number of oscillations is about 5. The corresponding spatial distribution of radiation is calculated by some randomly sampled electrons, as shown in Fig. 4 (i). It shows that the radiation divergence angles in the transverse direction are 4.2 mrad, which is agreement with the 9 experimental estimation above. The on-axis radiation spectrum is shown in Fig. 4(i) as a red curve. Its critical radiation energy is about 6.3 keV, which is also consistent with experimental result. Therefore, it indicates that the bubble structure in the experiment is stable and the e-beam transverse oscillation is isotropic 46 , which may contribute to a high quality e-beam generation. 
V. CONCLUSIONS
In conclusion, we have presented a single-shot high-resolution x-ray spectra characterization of betatron radiation in a cascaded LWFA. In this LWFA, stable monoenergetic e beams have been produced and the measurement of the corresponding single-shot betatron x-ray spectra in the range of 2-20 keV was also enabled by an x-ray CCD camera in the SPC mode. Comparing the measured x-ray spectra with an analytical model of betatron radiation, the e-beam transverse size in the plasma was estimated to be m. Furthermore, the betatron radiation pattern and total radiated photon number were also 
